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A mathematical model is proposed showing that the mono-exponential recovery of phosphocreatine (PCr) after exercise is an
approximation of a more complex pattern, which is identified by a second-order differential equation. The model predicts the possibility of
three different patterns of PCr recovery: bi-exponential, oscillatory damped, and critically damped; the mono-exponential pattern being a
particular case of the functions which are solutions of the differential equation. The model was tested on a sample of recovery data from 50
volunteers, checking whether the recovery patterns predicted by the model lead to a significant improvement of fit (IF) compared with the
mono-exponential pattern. Results show that the IF is linked to pH. Bi-exponential solutions showed an IF in the pH range 6.65–6.85, and
the oscillatory solutions at pH>6.9. Critically damped solutions displayed a poor IF. Oscillation frequencies found in the oscillatory
recoveries increase at increasing pH. These results show that pH has a pivotal role on the pattern of PCr recovery and implications on the
regulation of oxidative phosphorylation are discussed.
D 2004 Elsevier B.V. All rights reserved.Keywords: PCr recovery; Cytosolic pH; Oxidative phosphorylation1. Introduction
Phosphocreatine (PCr) is present in the skeletal muscle
and other excitable tissues, where it represents a storage of
readily available energy able to buffer sudden energy
requirements of the cell. Typically, PCr is used during
muscle contraction and is re-synthesised during recovery.
When the metabolic stress is over, PCr is re-synthesised
from ATP which in turn is synthesised by the energy-
producing mitochondrial machinery.
The rate of PCr re-synthesis during recovery from
exercise assessed in vivo by phosphorus magnetic resonance
spectroscopy (31P-MRS) is a reliable index of the function-
ality of muscle mitochondrial respiration in health and
disease [1–9]. In fact, PCr re-synthesis during recovery is
the overall result of the interaction of several biochemical
processes involving oxidative phosphorylation, several
transport systems across mitochondrial and plasma mem-
branes and their regulation. Therefore, precise knowledge of0005-2728/$ - see front matter D 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbabio.2003.11.003
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E-mail address: iotti@med.unibo.it (S. Iotti).the in vivo pattern of PCr post-exercise recovery is a topic
of great interest, as it may provide deeper insights into the
control mechanisms of mitochondrial ATP synthesis.
The kinetic control model proposed by Chance and
Williams [10] basically supposes that oxidative phosphory-
lation is controlled mainly by ADP availability, resulting in
Michaelis–Menten type dependence of respiratory rate on
cytosolic [ADP]. Conceptually similar to the kinetic model
is the creatine shuttle model [11–14], which infers that ADP
supply is limited at the mitochondrial inner membrane by
diffusion of creatine to the mitochondrial creatine kinase
isoenzyme (Mi-CK), rather than by cytoplasmic ADP avail-
ability. On the contrary, the thermodynamic model of
respiratory control assumes that most of the reactions
involved in oxidative phosphorylation are at near equilibri-
um when oxygen is not limiting, leading to the conclusion
that respiration rate linearly depends on the cytosolic free
energy of ATP hydrolysis [15–17]. There are more complex
generalizations of this model, based on non-equilibrium
thermodynamics [18,19] resulting in quasi-linear control
of respiration rate by cytosolic free energy of ATP hydro-
lysis [19]. It has been proposed that the two classical models
of the respiratory control, kinetic and thermodynamic, may
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mechanism [20], and that in skeletal muscle can be both
conceivable at different metabolic conditions: equilibrium
control being approached at low workloads while kinetic
limitations at higher workloads [21].
The pattern of PCr recovery from exercise is reasonably
well-described by mono-exponential functions [2–9]. The
linear model of muscle respiration proposed by Meyer [22],
which favours the thermodynamic model, explains the
mono-exponential changes of PCr only at ‘‘sub-maximal’’
oxidative stress when cytosolic pH remains near neutrality.
Therefore, the possible effect of low pH on the pattern of
PCr recovery is not taken into account by this model. On the
other hand, non-exponential PCr changes could suggest a
more complex regulation involving other variables as mito-
chondrial redox potential [22].
Different groups [1,9,24–26] have reported patterns of
PCr recovery different from the mono-exponential one,
suggesting that different exercise intensities may account
for these variations. The comparison of a double exponential
model to a single exponential model to fit the experimental
data did not show significant improvement in the accuracy of
the fit both after heavy [9] and moderate exercise [25].
Nevertheless, other authors [26] proposed an empirical
model, based on the modified electric circuit model of Meyer
[22], predicting a bi-exponential recovery, which provided a
better fit of PCr re-synthesis in the two examples studied.
The aim of this study was to extensively investigate
whether the above reported deviations from the mono-
exponential fit can be explained by a direct extension of
the linear model implicit in the mono-exponential descrip-
tion, allowing a better characterisation of PCr recovery.2. Materials and methods
2.1. Mathematical model analysis
The currently used mono-exponential function describing
PCr recovery is:
y ¼ C1ekt þ C2 ð1Þ
where y=[PCr(t)]. The model underlying Eq. (1) is based on
two assumptions, i.e. (i) the phenomenon is linear, and (ii) it
depends on just one arbitrary constant, namely the initial
value of [PCr(t)]. This function is the solution of the linear
first-order differential equation:
yVþ ky ¼ C0 ð2Þ
where k is the time constant and C0 =C2k, whereas C1 +C2
is the initial value of [PCr] during recovery.
Eq. (1) is also a solution of the linear second-order
differential equation:
yWþ kyV¼ 0 ð3Þwhich implies two arbitrary constants. In this way, we
introduce a second arbitrary constant into our model, i.e.
the initial rate of PCr re-synthesis. The model underlying
Eq. (3) is also linear and depends on two arbitrary constants,
i.e. the initial value of [PCr] and the initial rate of PCr
re-synthesis.
By maintaining the basic assumption of linearity and
avoiding the introduction of any time-dependent forcing
term or time-dependent coefficient, the only possible gen-
eralization of the above second-order differential model is
the following:
yWþ kyVþ ay ¼ C0 ð4Þ
where [PCr] at rest is now C0.
Term ay allows a class of closely related functions as a
solution of the above differential equation:
½PCrðtÞ ¼ C0y þ C1yexpðk1*tÞ þ C2yexpðk2*tÞ
ðbi-exponentialÞ ð5aÞ
½PCrðtÞ ¼ C0y þ ðC1y þ C2y*tÞ*expðk*tÞ
ðcritically dampedÞ ð5bÞ
½PCrðtÞ ¼ C0y þ ½C1y*sinðxtÞ þ C2y*cosðxtÞ*expðk*tÞ
ðoscillatory dampedÞ ð5cÞ
of which the mono-exponential function (1) is a particular
case when: in Eq. (5a) k1 = 0 or k2 = 0; in Eq. (5b) C2y= 0;
in Eq. (5c) x = 0.
2.2. Phosphorus MRS
MR spectra were acquired on a General Electric 1.5 T
Signa System. Radio frequencies pulses at 25.866 MHz
with a pulse width of 400 As and a transmitter power of 0.5
kW were transmitted by a surface coil (20.5 cm diameter;
General Electric) and the resonance signals were collected
by a 7.5 cm receiving coil. A data table of 1000 complex
points was collected for each FID. The band width was 2
kHz. The delay between transmission and reception was 0.5
ms and the dwell time was 250 As. The stimulation–
response sequence was repeated every 5 s (TR = 5 s).
Magnetic field homogeneity was optimized by shimming
1H water spectrum (FWMH 0.25–0.35 ppm).
The spectroscopic measurements were performed accord-
ing to the quantification and quality assessment protocols
defined by the EEC Concerted Research Project on ‘‘Tissue
Characterisation by MRS and MRI’’, COMAC-BME II.1.3
[27].
All studies were performed on calf muscles by placing
the surface coil directly on the skin. We carefully controlled
signal localization using a precise profile of sensitivity
volume of the coil by imaging the calf muscle to position
the surface coil accurately. The signal can be attributed
mainly to the gastrocnemius muscles.
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exercise was begun and data collected for 1 min (12 FIDs)
for each level of work. As soon as the last minute of work
was completed, and the corresponding 12 FIDs recorded,
one 2-FID data block (10 s) was also recorded to be
considered ‘ zero time’ of recovery and the exercise stopped
immediately afterwards. During the first 70 s of post-
exercise recovery 2-FID data blocks (10 s) were recorded.
The accumulated spectra were transferred to the data
station and processed using a 4 Hz line broadening and
manual phasing [28]. The area of each metabolite signal was
fitted to a Lorentzian line shape in the frequency domain.
Spectra were processed independently by different operators
and the results averaged to minimise observer bias. The
signal-to-noise ratio for h-ATP was 35–40 at rest (60-FID
data blocks), 5–6 when collecting 2-FID data blocks during
early recovery and 3–4 in single-FID spectra.
2.3. Cytosolic pH
Cytosolic pH was calculated from the chemical shift of
inorganic phosphate (Pi) from PCr according the formula
[29]:
pH ¼ 6:77þ log ðdPi 3:29Þð5:68 dPiÞ ð6Þ
The chemical shift was carefully determined from the
centroid of PCr peak to the centroid of the phosphate peak.
Centroid was measured, for n points within the specified
spectral range, by employing a centre-of-gravity calculation:
P ¼
Xn
j¼1
fiSi
Xn
i¼1
Si
ð7Þ
where the frequency position of the ith point is denoted by
fi, and its amplitude by Si.
None of the subjects included in this study had a split Pi
peak during recovery.
2.4. Minimum pH
Minimum pH was defined as the lowest pH value
reached during recovery.
2.5. Subjects and exercise protocol
Subjects were 50 healthy volunteers aged 14–63 years
(mean 27.7; S.D. 11.4) with varying physical activity level.
A number of the subjects were used in other studies. All
volunteers provided informed consent and the experimental
protocol was approved by the local Ethics Committee. In-
magnet isokinetic exercise was performed by pressing a
pedal connected to a pneumatic ergometer and a computeras previously described [28]. In our ergometer, the software
works out the signals from the pedal, giving and recording
the following data in real time: time of every contraction,
amplitude of each pedal movement, work performed at each
contraction, and instant power. Two contractions were
performed every 5 s immediately after acquisition. In the
‘‘steady-state’’ exercise protocol the force level was in-
creased stepwise every 4 min to allow the steady-state to
be reached at every level of work, and data collected during
the last minute of steady-state work. Exercise was stopped at
different degrees of PCr depletion in order to activate
glycolysis to different extents and obtain a range of cyto-
solic pH values as large as possible. Each subject performed
only one exercise.
2.6. Comparison of fit by different functions of recovery
data
Data of PCr recovery from each subject were best-fitted
with mono-exponential function (1) and with Eqs.(5a), (5b)
and (5c). The following constraints were imposed to fitting
curves: k1>0; k2>0; x>0; k>0. Accuracy of fit was evaluated
by the root mean squares (r.m.s.) function minimisation
criterion to obtain mathematical routines with 10 5 preci-
sion. The Nelder–Mead minimisation algorithm [30], which
does not require any information about gradients or deriva-
tives, for direct search of the minimum of a function of n
variables was used. In our case, the optimization problem
involved minimisation of functions of at most five variables.
Routine was initialised by a number of initial seeds, with
values included within an order of magnitude for each
parameter. Frequency (m) seed was first set at 0 to find the
smallest frequency value for the oscillatory pattern.
Quantitative comparison of fit by Eqs. (5a), (5b), (5c)
with the fit by Eq. (1) was performed according to the
following definition:
RIF ¼ fðr:m:s:e:½1  r:m:s:e:½5=r:m:s:e:½1g 
 100 ð8Þ
where RIF is the relative improvement of fit; r.m.s.e. [1] is
the root mean square error of the fit by Eq. (1) and r.m.s.e.
[5] is the root mean square error of the fit by Eqs. (5a), (5b),
(5c). r.m.s.e. is defined by:
r:m:s:e: ¼
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃXn
i¼1
ðyi  yˆiÞ2
n
vuuut
: ð9Þ
Only the first three decimal digits of the r.m.s.e. were
considered significant in the calculation of RIF by Eq. (6).
We performed some statistical tests in order to evaluate
the adequacy of any equation and keep into account the
different number of parameters which specifies each of
them. In particular, we checked if the improvement obtained
comparing the r.m.s.e. resulting from the fits of different
equations is affected by the different number of parameters
of the fitting equations. To evaluate the adequacy of each
Fig. 1. Typical patterns of Eq. (5a) (bi-exponential solution); Eq. (5b)
(critically damped solutions); and Eq. (5c) (oscillatory damped solution),
compared with the mono-exponential pattern.
Fig. 2. 31P-NMR spectra from the calf muscle of a volunteer collected at
rest (panel A, 30 FIDs), at the end of exercise (panel B, 12 FIDs), and at
20–30 s of recovery at the time of minimum pH (panel C, 2 FIDs).
Phosphocreatine (PCr), inorganic phosphate (Pi) and ATP (a, h, g) peaks
are shown.
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analysis of the residuals. It evidenced that the residuals of
all fits were not autocorrelated and followed a Gaussian
distribution: both the Box–Ljung test for the null hypothesis
of 10 autocorrelation coefficients jointly null for any lag and
the Shapiro–Wilks test for the null hypothesis of normality
did not always give significant results. This shows that all
the equations represent a good description of the investigat-
ed process: the fitting is good without being affected by any
systematic bias. To take into account the adequacy of each
equation considering the (different) number of parameters
involved, we performed an F test:
F  statistic ¼
Xn
i¼1
ðyˆi  y¯Þ2
p 1
Xn
i¼1
ðyi  yˆiÞ2
n p
ð10Þ
showing that any improvement of r.m.s.e. was always
matched by a higher value of F-statistic index which takes
into account the number of parameters ( p) of the fitting
equation. Furthermore, performing the same comparison
mentioned above in Eq. (6) replacing the r.m.s.e. with the
fit standard error:
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Xn
i¼1
ðyi  yˆiÞ2
n p
vuuuut ð11Þ
which corrects for the number of parameters ( p) present in
the fitting equation, we obtained overlapping results.3. Results
Fig. 1 shows the patterns of the functions which are
solutions of the second-order differential equation (Eq. (4)).
Fig. 2 reports typical MRS spectra from the calf muscle
of a normal volunteer at rest (spectrum A), at the last level
of in-magnet work (spectrum B) and at 20–30 s of recovery
(spectrum C), a time when this subject showed the lowest
pH value.
Fig. 3 reports typical examples of fit of recovery data
by Eqs. (5a) (panel A), (5b) (panel B), (5c) (panel C)
each compared with the fit by Eq. (1) together with their
r.m.s. errors. Bi-exponential Eq. (5a) showed a better fit
than mono-exponential Eq. (1) in 42 of 50 healthy
volunteers, critically damped Eq. (5b) showed improve-
ment of the fit in 29 individuals and damped oscillatory
Eq. (5c) showed a better fit than mono-exponential Eq.
(1) in 12 volunteers.
The improvement of the fit obtained by the Eqs. (5a),
(5b), (5c) was expressed relatively to the fit obtained by Eq.
(1), and named RIF.
Fig. 3. Example of the fit improvement obtained by the functions that are
solutions of Eqs. (5a), (5b), (5c), compared with the mono-exponential
fitting (Eq. (1)), relative to three different subjects having different
minimum pH; bi-exponential pattern (panel A, pH= 6.82, RIF = 48%),
critically damped pattern (panel B, pH= 6.67, RIF = 26%), oscillatory
pattern (panel C, pH= 7.01, RIF = 77%).
Fig. 4. Relative Improvement to Fit (RIF) obtained for the three patterns
given by Eqs. (5a), (5b) and (5c) versus minimum pH. Compared to mono-
exponential fitting, bi-exponential solutions showed a high improvement of
fit in the pH range 6.65–6.85 (panel A); oscillatory solutions at pH>6.9
(panel C). Critically damped solutions display a more spread distribution
and poor relative improvements (panel B).
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cytosolic acidosis [4], being inversely correlated to the
minimum pH value reached during recovery [9], we
assessed the fit improvement of Eqs. (5a), (5b), (5c) in
relation to the value of minimum pH. Fig. 4A,B and C
report the distribution of RIF as a function of minimum
pH obtained by fitting the experimental data from 50healthy volunteers by Eqs. (5a), (5b), (5c), respectively.
Distribution of RIF showed a strong dependence on
minimum pH for both bi-exponential and oscillatory sol-
utions, whereas for the critically damped solution, the RIF
was randomly distributed almost over the whole range of
minimum pH.
Fig. 5. Relationship between the oscillatory frequencies obtained for the
best-fitting oscillatory solutions and minimum pH values. The exponential
fitting ( y= a0 exp ((x a1)/a2)) gave r = 0.877, with a0 = 1.883; a1 = 6.807;
a2 = 0.806.
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Gaussian distribution centred around the minimum pH of
6.75 + 0.07 (meanF S.D.) (Fig. 4A). The relative improve-
ment obtained by Eq. (5c)was found at minimum pH>6.90
(meanF S.D.) (Fig. 4C) showing a beta distribution centred
around the minimum pH of 7.01F 0.04.
Assuming, arbitrarily, as remarkable improvement all
those above 20%, we obtained that: (i) all recovery data
with minimum pH lower than 6.65 (12 cases) did not
show any remarkable improvement for any of the three
equations tested; (ii) four cases having a minimum pH
between 6.85 and 6.90 were equally well fitted by all
equations tested with a RIF < 10%; (iii) bi-exponential
solution (Eq. (5a)) showed a remarkable improvement of
fit in 16 cases (20–60% RIF); (iv) oscillatory solution (Eq.
(5c)) showed a remarkable improvement of fit in nine
cases (20–80% RIF); (v) critically damped solution (Eq.
(5b)) showed improvements of fit above 20% only in three
cases.
The oscillatory frequencies of recovery patterns de-
scribed by Eq. (5c) ranged between 0.002 and 0.025 Hz.
Oscillatory frequencies were considered significant for
any m>0.001 Hz, since in our experimental protocol the
amplitude of the time window was less than 600 s. All
rejected oscillatory patterns with low RIF showed a
frequency at least one order of magnitude lower than
0.001 Hz.
The oscillatory frequencies of recovery patterns de-
scribed by Eq. (5c) are plotted in Fig. 5 versus minimum
pH. The resulting pattern is exponential and well-described
by the relationship:
v ¼ 1:883exp½ðpHmin  6:807Þ=0:806 ð12Þ
with r= 0.877.4. Discussion
Our mathematical model implies that patterns of PCr
recovery other than mono-exponential ones are conceivable,
the mono-exponential pattern being a particular case of
functions which are solutions of the differential equation
upon which the model is based.
This model is linear and a direct extension of the one
implicitly underlying the mono-exponential description of
PCr recovery. It assumes that the usual mono-exponential
pattern of PCr recovery is an approximation of a more
complex one, which can be identified by a second-order
differential equation. This mathematical model predicts the
possibility of three different patterns for PCr recovery, i.e.
bi-exponential, oscillatory damped, and critically damped
patterns, the mono-exponential function being a particular
case of each one of them.
We experimentally tested our mathematical model on
the recovery data of 50 healthy volunteers verifying that
the functions that are solutions of the differential equa-
tion upon which the model is based, were able to im-
prove the fit in comparison to the mono-exponential pattern
(Eq. (1)).
The mathematical functions used to describe the RIF
distribution are not normalised, therefore, they do not have a
statistical relevance and were used as fitting equations.
Gaussian fitting in Fig. 4A made it possible to estimate
the range of pH where bi-exponential solutions were prev-
alent. The Gaussian distribution of fit improvement found at
higher pH (Fig. 4A) was not taken into account, as the nine
cases involved showed a higher RIF when fitted by oscil-
latory equation (Eq. (5c)) (Fig. 4C). A beta function was
used to describe the RIF distribution of oscillatory solutions,
since the oscillatory patterns are distributed at the edge of
the variation range of pH values. The beta function well-
described the RIF distribution of oscillatory solutions show-
ing a cut-off value at pH = 7.055.
The bi-exponential and oscillatory damped equations
represent a description of PCr recovery different from that
of mono-exponential equation, and it must be emphasised,
that the kinetic parameters given by these equations are not
comparable among them. In other words, the time constant
obtained by the mono-exponential equation, which is the
only kinetic parameter deducible, cannot be compared to the
two time constants obtained by each bi-exponential equa-
tion, and to the time constant of the oscillatory damped
equation, the latter also containing the frequency parameter
x. Therefore, to evaluate the kinetic of PCr recovery, the
comparison has to be performed only within the same type
of equations.
Oscillatory patterns are a new feature of PCr recovery.
These patterns occurred in our experiments during recoveries
characterised by high values of pH, i.e. recoveries following
low-intensity exercises, showing oscillatory frequencies
ranging between 0.002 and 0.025 Hz. Oscillatory frequen-
cies were considered significant for any m > 0.001 Hz, as in
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was less than 600 s. Thus, any resulting oscillatory pattern
withmt< 1/600 = 0.0017 Hz had to be considered an artefact.
It is noteworthy that all rejected oscillatory patterns with low
RIF showed a frequency at least one order of magnitude
lower than 0.001 Hz.
Only two subjects showed consistent oscillatory trends
out of the region of high values of pH and one of them was
at the limit of the bi-exponential region (see Fig. 4C). The
frequencies found in the oscillatory recovery patterns in-
creased exponentially with pH, and decreased asymptotical-
ly to zero at decreasing pH. It is also noteworthy that
according to this exponential pattern, higher frequencies
values correspond to higher improvement of fit and that at
pH values outside the ‘‘oscillatory region’’ the frequencies
have negligible values.
An important remark for the oscillatory patterns is
concerned with the linearity of the proposed model. If we
multiply a and k in Eq. (4) by a constant factor, the resulting
frequency of solution (5c) changes correspondingly. How-
ever, the resulting frequency must be an integer multiple of
the lowest frequency found, corresponding to the highest
RIF found, otherwise RIF would dramatically decrease. Due
to this feature any frequency which is an integer multiple of
the frequency found by our fitting routines would give the
same RIF values. We point out here that we always searched
for the lowest frequency allowed by the precision of
computer routines.
We are aware that time resolution during early recovery
is crucial when trying to understand the recovery pattern
itself, especially when dealing with oscillatory damped
patterns. In our experiments, time resolution during early
recovery was 10 s, a time resulting from the average of two
FIDs with TR= 5 s.
In principle, it is possible to increase the time resolution
either by decreasing the repetition time or by decreasing the
number of FID data blocks. Let us say, for instance, that we
want to achieve a time resolution of 5 s. In this case, we can
use either single-FID with TR = 5 s, or two FID data blocks
with a repetition time of 2.5 s. However, either one of the
options would result in a considerable decrease in spectral
signal-to-noise ratio, which in turn leads to a considerable
increase in the noise of single data points, and hence greater
uncertainty of pattern understanding. The problem was to
find the best compromise between time resolution and
quality of spectra. The average of two FIDs with a repetition
time of 5 s was the best solution. Furthermore, it must be
emphasised that the frequencies found in the oscillatory
patterns are in the range 0.002–0.025 Hz corresponding to a
period of 500 and 40 s, respectively. Therefore, a time
resolution of 10 s seems to be appropriate to detect oscil-
lations of the above frequencies.
Furthermore, we are also conscious that it can be inferred
that the improvement of the recovery curves by damped
oscillations around pH 7 can—at least partially—be
explained by the fact that a small drop in PCr leads to ill-defined fitting curves. However, among the subjects reach-
ing a higher PCr depletion, there were several examples of a
quite high scattering of PCr recovery data points, due to a
low S/N of low-quality spectra, that were not best-fitted by
oscillatory curves. Moreover, the fact that we found a
coherent pattern of frequency oscillations (see Fig. 5) is
suggesting that oscillatory curves at high pH are unlike to be
just an outcome of a noise-fitting process.
Oscillatory mechanisms are often invoked in connection
with theoretical non-linear models to explain many physi-
ological features in biochemical–biophysical systems, such
as respiratory control dynamics [31,32], and the control of
metabolic oscillations such as experimentally induced in
vitro glycolytic oscillations [33]. Oscillatory systems are
also known to be of great importance in the characterisation
of mitochondrial ionic fluxes [34,35]. The frequencies
found in the oscillatory patterns of PCr recovery are of
the same order of magnitude as those that can be experi-
mentally induced in other biochemical systems. Glycolytic
oscillations in skeletal muscle extracts can be quantified
with a period around 600 s, i.e. around a 0.0017 Hz
frequency [36]. Oscillations were observed [37] in muscle
creatine kinase activity in vitro at pH = 7.00, with a period
around 45–60 s (i.e. between 0.017 and 0.022 Hz), and
found to be independent of temperature. Although the
feature of the above described in vitro oscillations were
highly non-linear, accumulation of reaction products (PCr)
was found to be an essential requisite for the creatine kinase
activity oscillations. Moreover, these oscillations were not
induced by changing the conditions of the reaction envi-
ronment, but were shown to take place spontaneously in
vitro suggesting that they are an intrinsic characteristic of
this system.
It is quite puzzling to provide a thorough explanation of
the cause of the oscillations found in PCr recovery at high
pH. It is reasonable to assume that oscillations are the result
of the sum of multiple biochemical processes, and can be
regarded as an outcome of a loose feedback occurring at
high pH when the system is not tightly regulated. According
to this hypothesis, a plausible explanation of the change of
the frequency oscillations with pH is that frequency oscil-
lation increases progressively as the feedback control
becomes looser at increasing pH.
In some cases, critically damped solutions resulted in
better fits than the mono-exponential ones (Fig. 4B). How-
ever, bi-exponential solutions resulted in better fits than the
critically damped solutions in the same subjects.
Several groups [1,9,24,25] suggested that different exer-
cise intensities may account for the bi-exponential patterns
of PCr recovery, although they did not find any significant
improvement using the double exponential model in com-
parison to the single-exponential one. Nevill et al. [26]
proposed a double-exponential model for PCr re-synthesis
by introducing an inductance into the first-order linear
system originally proposed by Meyer based on a circuit
analog model [22]. It is remarkable to note that the Nevill’s
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plausible metabolic meaning of the inductance term, and on
the others as it would, potentially, lead to oscillatory
behaviour [38].
The hypothesis that high [ADP] is responsible for the bi-
exponential pattern of PCr recovery is intriguing since it
would be a direct consequence of the control of ADP on the
rate of mitochondrial oxidation [9]. However, [ADP] found
in the subjects showing the bi-exponential recovery did not
give clear-cut evidence to support this hypothesis (data not
shown). Another plausible explanation is that the heteroge-
neity in fibre composition of calf muscle causes the bi-
exponential pattern of PCr recovery. Looking at the distri-
bution as a function of pH of the improvement of fit of the
bi-exponential solutions, it is interesting to note that their
prevalence is in the range of pH 6.65–6.85, which is in fact
the range of pH where it is reasonable to assume that there is
no predominant activity of one fibre type over the others.
Therefore, this result could be the consequence of an
equivalent contribution of slow- and fast-twitch to PCr
recovery. On the other hand, it is conceivable that at low
and high pH, the contribution of fast-twitch and slow-
twitch, respectively, becomes prevalent causing PCr recov-
ery patterns different from the bi-exponential.
Meyer and Foley [23] postulated that at low workloads,
i.e. corresponding to pH near neutrality, the thermodynamic
control is prevailing, while at high workloads, i.e. corres-
ponding to low pH, kinetic limitations are primary, and
stated that the mono-exponential pattern of PCr recovery is
a proof of the thermodynamic control theory. Nevertheless,
although these authors did find a mono-exponential PCr
recovery pattern in both cat and rat fast-twitch muscles,
they found a non-exponential pattern of PCr recovery in
cat slow-twitch muscle showing an overshoot in the initial
recovery. As a consequence, these authors hypothesised
that a more complex control mechanism takes place in the
slow-twitch muscle. It is known that the slow-twitch
muscles tend to acidify much less than fast-twitch for
comparable workload, therefore it is reasonable to assume
that in Meyer’s experiments, the pH in the cat soleus was
higher than in the cat biceps, although the authors did not
provide these data. The overshoot of PCr in the initial
phase of recovery is an essential feature of the oscillatory
pattern found in our recovery data, therefore there is an
intriguing coincidence between our finding that oscillatory
pattern of PCr recovery is prevalent at high pH and the
initial overshot of PCr recovery found by Meyer and Foley
[23] in cat slow-twitch muscle. This suggests that the more
complex control mechanisms advocated by Meyer involv-
ing changes in the mitochondrial redox potential is not a
peculiarity of the fibre twitch type, but it seems to depend
on cytosolic pH.
Furthermore, the region of pH 6.85–6.90, where there is
no clear predominance of any of the patterns predicted by
our model, is most likely to be equivalent to the sub-
maximal stimulation protocol which Meyer et al. used totest the validity of the thermodynamic model. On the other
hand, it is worth to underline that one of the requirements of
Meyer’s model is that PCr content has to be in the range of
20–70% of total creatine, condition not satisfied both for
very mild exercises (with high pH during recovery) and
exhaustive exercises (with low pH during recovery). In fact,
a study on the effect of acidosis on control of respiration in
skeletal muscle showed that both kinetic and thermodynam-
ic models failed to account for the effect of low pH [39],
suggesting that acidosis must cause other changes in mito-
chondrial function in addition to the known effect on
maximum respiratory rate [10,39].
Finally, it has been recently shown that a better character-
isation of ADP recovery was achieved using a linear
second-order step response function instead of a single
exponential function, the former being able to take into
account the undershoot of ADP found in some of the
subjects studied. The explanation provided by authors is
consistent with the hypothesis that multiple controllers are
involved in the regulation of oxidative phosphorylation, the
pH being one of the key factors [40].5. Conclusions
Our results show that pH plays a pivotal role on the
pattern of PCr recovery from exercise and that the model
underlying the mono-exponential pattern is indeed to be
considered an approximation of a more complex one.
The model predicts the possibility of three different
patterns of PCr recovery: bi-exponential, oscillatory
damped, and critically damped; the mono-exponential
pattern being a particular case of the functions which are
solutions of the differential equation. Bi-exponential sol-
utions (Eq. (5a)) showed a fit improvement in the pH
range 6.65–6.85, and the oscillatory damped solutions
(Eq. (5c)) at pH>6.9, while critically damped solutions
(Eq. (5b)) displayed a poor fit improvement. Oscillation
frequencies found in the oscillatory recoveries increase at
increasing pH (Eq. (12)).
This mathematical model makes a better characterisation
possible for PCr recovery in human calf muscle, providing
equations containing more kinetic information than the
mono-exponential and hence allowing a more accurate
assessment of mitochondrial functionality in both healthy
subjects and patients.Acknowledgements
We would thank Alessandra Luati of the Department of
Statistics, University of Bologna, for valuable help on the
statistical analysis. This work was supported by Fondazione
Cassa di Risparmio in Bologna; by MUIR ex quota 40%,
and by Progetto Pluriennale di Ricerca E.F. 2003.
S. Iotti et al. / Biochimica et Biophysica Acta 1608 (2004) 131–139 139References
[1] B. Chance, S. Eleff, J.S. Leigh Jr., D. Sokolow, A. Sapega, Mitochon-
drial regulation of phosphocreatine/inorganic phosphate in exercising
human muscle: a gated 31P-NMR study, Proc. Natl. Acad. Sci. U. S. A.
78 (1981) 6714–6718.
[2] D.L. Arnold, P.M. Matthews, G.K. Radda, Metabolic recovery after
exercise and the assessment of mitochondrial function in human skel-
etal muscle in vivo by means of 31P-NMR, Magn. Reson. Med. 1
(1984) 307–315.
[3] D.L. Arnold, D.J. Taylor, G.K. Radda, Investigation of human mito-
chondrial myopathies by phosphorus magnetic resonance spectro-
scopy, Ann. Neurol. 18 (1985) 189–196.
[4] D. Bendahan, S. Confort-Gouny, G. Kozak-Reiss, P.J. Cozzone, Het-
erogeneity of metabolic response to muscular exercise in humans.
New criteria of invariance defined by in vivo phosphorus-31 NMR
spectroscopy, FEBS Lett. 272 (1990) 155–158.
[5] M. Roussel, D. Bendahan, J.P. Mattei, Y. Le Fur, P.J. Cozzone, 31P
magnetic resonance spectroscopy study of phosphocreatine recovery
kinetics in skeletal muscle: the issue of intersubject variability, Bio-
chim. Biophys. Acta 1457 (2000) 18–26.
[6] B. Barbiroli, P. Montagna, P. Cortelli, R. Funicello, S. Iotti, L. Monari,
G. Pierangeli, P. Zaniol, E. Lugaresi, Abnormal brain and muscle
energy metabolism shown by 31P magnetic resonance spectroscopy
in patients affected by migraine with aura, Neurology 42 (1992)
1209–1214.
[7] B. Barbiroli, P. Montagna, P. Cortelli, S. Iotti, R. Lodi, P. Barboni, L.
Monari, E. Lugaresi, C. Frassineti, P. Zaniol, Defective brain and
muscle energy metabolism shown by in vivo 31P magnetic resonance
spectroscopy in non-affected carriers of 11778 mtDNA mutation,
Neurology 45 (1995) 1364–1369.
[8] B. Barbiroli, S. Iotti, R. Lodi, In vivo assessment of human skeletal
muscle mitochondria respiration in health and disease, Mol. Cell.
Biochem. 74 (1997) 11–15.
[9] S. Iotti, R. Lodi, C. Frassineti, P. Zaniol, B. Barbiroli, In vivo assess-
ment of mitochondrial functionality in human gastrocnemius muscle
by 31P MRS. The role of pH in the evaluation of phosphocreatine and
inorganic phosphate recoveries from exercise, NMR Biomed. 6
(1993) 248–253.
[10] B. Chance, C.M. Williams, The respiratory chain and oxidative phos-
phorylation, Adv. Enzymol. 17 (1956) 65–134.
[11] V.A. Saks, L.V. Rosenshtraukh, V.N. Smirnov, E.I. Chazo, Role of
creatine phosphokinase in cellular function and metabolism, Can. J.
Physiol. Pharm. 56 (1978) 691–705.
[12] S.P. Bessman, A. Fonyo, Transport of energy in muscle: the phos-
phocreatine shuttle, Science 211 (1981) 448–452.
[13] W.E. Jacobus, Respiratory control and the integration of heart high-
energy phosphate metabolism by mitochondrial creatine kinase, An-
nu. Rev. Physiol. 47 (1985) 707–725.
[14] W.E. Jacobus, D.M. Diffley, Creatine kinase of heart mitochondria:
control of oxidative phosphorylation by the extramitochondrial con-
centrations of creatine and phosphocreatine, J. Biol. Chem. 261
(1986) 16579–16583.
[15] A. Holian, C.S. Owen, D.F. Wilson, Control of respiration in isolated
mitochondria: quantitative evaluation of the dependence of respiratory
rates on [ATP], [ADP], and [Pi], Arch. Biochem. Biophys. 181 (1977)
164–171.
[16] M. Erecinska, D.F. Wilson, K. Nishiki, Homeostatic regulation of
cellular energy metabolism: experimental characterisation in vivo
and fit to a model, Am. J. Physiol. 234 (1978) C82–C89.
[17] M.J. Kushmerick, Energetics of muscle contraction, in: L.D. Peachey,
R.H. Adrian, S.R. Gieger (Eds.), Handbook of Physiology,Williams &
Wilkinson, Baltimore, 1983, pp. 189–236.
[18] J.W. Stucki, Non-equilibrium thermodynamic sensitivity of oxida-tive phosphorylation, Proc. R. Soc. Lond., B Biol. Sci. 244 (1991)
197–202.
[19] J.A. Jeneson, H.V. Westerhoff, T.R. Brown, C.J. Van Echteld, R.
Berger, Quasi-linear relationship between Gibbs free energy of ATP
hydrolysis and power output in human forearm muscle, Am. J. Phys-
iol. 268 (1995) C1474–C1484.
[20] G.J. Kemp, Interactions of mitochondrial ATP synthesis and the crea-
tine kinase equilibrium in skeletal muscle, J. Theor. Biol. 170 (1994)
239–246.
[21] R.A. Meyer, J.M. Foley, Testing models of respiratory control in
skeletal muscle, Med. Sci. Sports Exerc. 26 (1994) 52–57.
[22] R.A. Meyer, A linear model of muscle respiration explains mono-
exponential phosphocreatine changes, Am. J. Physiol. 254 (1988)
C548–C553.
[23] R.A. Meyer, J.M. Foley, Testing models of respiratory control in
skeletal muscle, Med. Sci. Sports Exerc. 26 (1994) 52–57.
[24] P.A. Mole´, R.L. Coulson, J.R. Caton, B.G. Nochols, T.J. Barstow, In
vivo 31P-NMR in human muscle. Transient patterns with exercise,
J. Appl. Physiol. 59 (1985) 101–104.
[25] G.D. Marsh, D.H. Paterson, J.J. Potwarka, R.T. Thompson, Transient
changes in muscle high-energy phosphate during moderate exercise,
J. Appl. Physiol. 75 (1993) 648–656.
[26] A.M. Nevill, D.A. Jones, D. McIntyre, G.C. Bogdanis, M.E. Nevill, A
model for phosphocreatine resynthesis, J. Appl. Physiol. 82 (1997)
329–335.
[27] EEC Concerted Research Project, Quality assessment in in vivo NMR
Spectroscopy. Results of a concerted research project of the European
Economic Community (6 papers), Magn. Reson. Imaging 13 (1995)
115–176.
[28] P. Zaniol, M. Serafini, M. Ferraresi, R. Golinelli, P. Bassoli, I. Canossi,
G.C. Aprilesi, B. Barbiroli, Muscle 31P-MR spectroscopy performed
routinely in a clinical environment by a whole-body imager/spectro-
memeter, Phys. Med. 8 (1992) 87–91.
[29] O.A.C. Petroff, J.W. Prichard, K.L. Behar, J.R. Alger, T. Shulman,
Cerebral metabolism in hyper- and hypocarbia: 31P and 1H nuclear
magnetic resonance studies, Neurology 35 (1985) 1681–1688.
[30] J.A. Nelder, R. Mead, A simplex method for function minimisation,
Comput. J. 7 (1963) 308–313.
[31] M.C. Mackey, L. Glass, Oscillations and chaos in physiological sys-
tems, Science 197 (1977) 287–289.
[32] M. Markus, B. Hess, Control of metabolic oscillations: unpredictabil-
ity, critical slowing down, optimal stability and hysteresis, in: A.
Cornish-Bowden, M.L. Cardenas (Eds.), Control of Metabolic Pro-
cesses, Plenum, New York, 1990, pp. 303–313.
[33] P. Smolen, Amodel for glycolytic oscillations based on skeletal muscle
phosphofructokinase kinetics, J. Theor. Biol. 174 (1995) 137–148.
[34] D. Van Gooch, L. Packer, Oscillatory systems in mitochondria, Bio-
chim. Biophys. Acta 346 (1974) 245–260.
[35] A.V. Gylkhandanyan, Y.V. Evtodienko, A.M. Zhabotinsky, M.N.
Kondrashova, Continous Sr2 +-induced oscillations of the ionic fluxes
of mitochondria, FEBS Lett. 66 (1976) 44–47.
[36] K. Tornheim, V. Andres, V. Schultz, Modulation by citrate of glyco-
litic oscillations in skeletal muscle extracts, J. Biol. Chem. 266 (1991)
15675–15678.
[37] E.P. Chetverikova, Oscillations in muscle creatine activity, in: B.
Chance (Ed.), Biological and Biochemical Oscillators, Academic
Press, New York, 1973, pp. 347–362.
[38] R.A. Meyer, R.W. Wiseman, J.A.L. Jeneson, Circuit models of
muscle metabolism, J. Appl. Physiol. 83 (1997) 2169–2171.
[39] S.J. Harkema, R.A. Meyer, Effect of acidosis on control of respiration
in skeletal muscle, Am. J. Physiol. 272 (1997) C491–C500.
[40] J.T. Chen, Z. Argov, R.E. Kearney, D.L. Arnold, Fitting cytosolic
ADP recovery after exercise with a step response function, Magn.
Reson. Med. 41 (1999) 926–932.
